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ortho=Metallation reactions of palladium bis(hexafluoroacetylacetonate) 
[Pd(F,acac),] have been studied by ‘H and lgF NMR. N,N’-Dimethylbenzyl- 
amine produces a fluxional1 : 1 adduct (0-F,acac)(O,-F,acac)Pd(amine) which 
contains a q1 oxygen-bonded F6acac group. The ligands benzyl methyl sulfide 
and 4,4’-dimethoxythiobenzophenone produce 1 : 1 intermediates of the type 
(C-F,acac)(O,-F,acac)Pd(ligand) which contain a carbon-bonded F,acac group. 
These adducts spontaneously lose hexafluoroacetylacetone and undergo cyclo- 
palladation at room temperature. 

Metallation of azobenzene yields (PhN=NC,H,)Pd(F,acac) and the doubly 
o&o-metallated compound (C6H,N=NC6H,)Pd,(F,acac),. Similar single metal- 
lations occur with benzylideneaniline and acetophenone oxime but thiobenz- 
anilide gave [PhC( S)NPh] ZPd and [PhC(S)NPh]Pd( F,acac). 

ortho-Metallation reactions are a broad class of aromatic substitution pro- 
cesses in which a coordinated organic ligand undergoes intramolecular metalla- 
tion with the formation of a new metal--carbon D bond /1,2,3]. In some cases, 
it has been shown that coordination compounds are formed as intermediates 
which subsequently cyclize. Among these may be mentioned [(PhO),P],RuHCl 
[ 41 and the thioketone complex Re,(CO),( SCPh,) 151. Cyclopalladation of 
azobenzene appears to proceed by an electrophilic attack on the aryl ring [ 61. 
Bis(azobenzene)palIadium(II) chloride has been prepared [ 7,8] and its crystal 
structure described [9]_ This compound may be involved in the ortho-metalla- 
tion of azobenzene but, at room temperature, it is stable and does not spon- 
taneously cyclize. Trofimenko [lo] reported that the thioether complex 
(PhCH$Me),PdC!l, did not react with Na,PdC1, but the nitrogen complexes 
( PhCH,NMeZ),PdC12 and ( l-phenylpyrazole)2PdC12 could be cyclometallated by 
additional tetrachloropalladate, leaving open the question of whether these 
compounds are in fact intermediates. 
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This paper describes synthetic and mechanistic studies of the ortho-metalla- 
tion chemistry of palladium bis(hexafluoroacetylacetonate), Pd(F,acac),, and 
the spectroscopic characterization of reactive intermediates in the metallation 
reactions. Use of Pd(F,acac), is convenient. The acid-base chemistry of this 
strong Lewis acid is now well defined. With molecular donors, it forms three 
classes of adducts of the type Pd(F,acac),(ligand), (n = 1, 2,4) which may be 
described on the basis of stoichiometry. Representative members of the n = 1 
and 4 classes have been characterized by X-ray crystallography [ll]. In addi- 
tion to having available a series of model compounds with which to compare 
proposed intermediates, “F nuclear magnetic resonance spectroscopy can be 
used to follow the course of Pd(F,acac), reactions. The ortho-palladation reac- 
tions of Pd(F,acac), are qualitatively much more rapid than those of PdClQ2-, 
one of the most commonly used reagents, presumably because of the highly 
electrophilic nature of the metal center. The hexafhdoroacetylacetonate group 
which remains bonded to the metal imparts high solubility to the products, 
making them easy to purify and convenient intermediates for further synthetic 
reactions. 

The orfho-metallation of NJV-dimethylbenzylamine was followed by ‘H and 
“F NMR_ Equal amounts of 0.2 M solutions of the reactants in CDCI, were 
cooled to -78”C, mixed, and allowed to warm to room temperature in the 
probe of the NMR spectrometer. Formation of an adduct, I, at -78°C was 
rapid and no signals due to the starting materials were seen. Integration of the 
proton spectrum showed that I contained equimolar amounts of Pd(F,acac), 
and the amine. Spectral parameters for the adduct are 6 6.10 (F,acac methine 
CH), 3.85 (PhCH,) and 2.39 ppm (NCH,). The “F NMR spectrum of I con- 
sisted of a single peak at 76.1 ppm. This indicates that the intermediate is a 
complex of the type (amine)Pd(O-F,acac)(O,-F,acac) which contains one 
bidentate and monodentate F,acac, both bonded to palladium through the ter- 
minal oxygen atoms. The analogous triphenylphosphine derivative has been 
prepared and structurally characterized [ 111; it is fluxional, and a similar, rapid 
interconversion of the $-0-F,acac and q*-O,-F,acac groups accounts for the 
single lgF resonance [ll]. 

The reaction of benzyl methyl sulfide and Pd(F,acac), at room temperature 
in CDCI, produced a 1 : 1 adduct IIa which contained one methine carbon- 

( I,L = PhCH,NMe, ) 
tk. L = PhCH,SMe , 

IIb, L =(p-MeOCsH412CS ) 
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TABLE1 

ANALYTICALDATA 

COlllpOUUd m.p.(Oc) Found(cdcd)(%) 

C H N S 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

XIII 

163-165 

170 

142-143 

193 

157 

203-205 

133-134 

196-197 

193 

146(dec) 

35.0 
(34.7) 
41.9 

(42.1) 
37.6 
(37.3) 
41.2 
(41.1) 
41.3 
(41.3) 

32.7 

(32.7) 
44.1 

(43.7) 
43.5 
(43.8) 
34.8 

(34.9) 

58.5 
(58.9) 
40.9 
(41.1) 

2.2 

(2.2) 
2.3 

(2.5) 
2.9 

(2.8) 
1.8 
(1.9) 
1.9 

(2.0) 
1.4 

(1.5) 
2.8 

(27) 

(Z) 
1.9 

(2-O) 
3.8 

(3.8) 
2.1 

(2.1) 

7.3 

(7.1) 
5.7 

(56) 
3.1 

(3.0) 
2.8 
(3.0) 

(Z) 

3.4 

(3.5) 
5.4 

(5.4) 
2.8 

(2.8) 
3.1 

(3 1) 
5.0 
(5.3) 
2.6 

(2.7) 

bonded F,acac and one bidentate oxygen-bonded F6acac, i.e. (PhCH,SMe)Pd- 
(C-F,acac)(O,-F,acac). Integration of the proton spectrum confirmed the stoi- 
chiometry and the ‘H chemical shifts were 6 6.33 (O,-F,acac methine C-H), 

5.24 (-CH(COCF,),), 3.88 (apparent doublet, SCH,) and 2.13 ppm (SCH,). 
The “F NMR spectrum contained two singlets at 75.24 and 77.17 ppm 
assigned to the C-F,acac and O,-F,acac groups, respectively. The proposed 
structure is supported by the infrared spectrum which showed a strong band at 
1741 cm-’ in CDC13 due to the uncoordinated carbonyl groups in the CH- 

TABLE2 

COrnPOurld 

III 

IV 

V lgFr 75.6.76.6.lHx 7.l(m.phen~l).6.07 (Fgacac).3.95 (NCH2),2.87 (NCH3) 

VI lgF: 75.4.76.3. IH: 8.42 (d.H orthoto N),7-8 (aromatic). 6.08 (Fgacac). 
VII lgF: 75.5.76.4.lH: 8.2-7.2<aromatic),6.10(Fgacac). 
IX IgF: 75.6.76.6. IH: 8.2-7.3 <aromatic).6.20 <Fgacac>. 2.45.1-40 <C-43). 
X lgF: 76.4.75.4.II-I: 8.00 <N==CH),7.5-7.1 (aromatic).6.8 (Fgacac) 
XI" lgF: 74.4.lH: 11.3 (N-Off),7.5-7.1Qromatic). 5.94 (Fgacac),2.36 (CH3). 
XIII lgF: 75.0.74.4. IH' 7.6-6.6 <aromatic).6.14 (Fgacac). 

Nucleus6 (ppm) 

lgF:75.7.76.2. 1H: 7_4(H orfho to Pd).7.0 <phenvl).6.11<Fgacac).4.29.3.89 <.J<AB) 
14.SCH2).2.67 <SCH$ 

lgF: 76.05.76.13.IH: 7.58 (Hortho to Pd).7.3-6.5 (aromatic).6.09 (Fgacac), 3.89 

(OCH,) 
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TABLE3 

ELECTRONICSPECTRALDATA 

Compound Solvent hax(-)oogc) 

III CHC13 280(4.30).297(4.31),330(4.30) 
IV CHCI3 298(3.95).325(3.91).511<3.80) 
V CHCI, 317(2.72) 
VI CHC13 263(4_37).3.05<3.95).317(4.00).340(3.90) 
VII CHC13 330(4.15).365(sh.4.06). 385(sh.3.97).445(3.63). 475(&3.53) 
VIII NtiOl 400.570.620 
Ix CHC13 335(4.23).452(4.67) 
X CHC13 300(4_06).322(sh),336(4_06) 
XI CEICI, 285(3.85),306(3.86),34O(sh) 
XII CH3CN 275(4.65).355(3.73),47O(sh) 
XIII CH3CN 250(4_46),280<4.40) 

(COCF3)2 ligand and a 1670 cm-’ group mode absorption associated with the 
O,-F,acac moiety. Addition of more PhCH,SMe caused the two “F resonances 
to coalesce into a broad (w/2 88 cps) peak at 76.1 ppm when the sulfide : Pd 
ratio was 10 : 1. A structurally similar adduct, IIb, was formed from Pd- 
(F,acac), and 4,4’-dimethoxythiobenzophenone. It showed lgF resonances at 
6 74-85, 75.50 and 77.00 ppm; here, the nonequivalent CF, groups in the 02- 
F,acac unit were resolved. The ‘H chemical shifts were 6 6.05, (Oi-FBacac), 5.26 
(C-F,acac) and 3.96 ppm (0CH,) and v(C0) was 1738 cm-‘. 

Adducts IIa end IIb 1~; hexafluoroacetylacetone on standing in CDCI, solu- 

TABLE4 

INFRAREDSPECTRALDATP- 

Compound “ma (cm-1 1 

III 

IV 

V 

VI 

VII 

VI11 

IX 

X 

XI 

XII" 

Xl11 = 

=InKBr_ 
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0 
cF3 $--- i P/O 

p/ ‘0 > 

I cF3 
OH 

the formation of the palladium(I1) chelates XII and XIII. Purification of XIII 
was aided by its relatively high solubility in hydrocarbons. Neither compound 

- exhibited the N-H stretching band found in the starting material. In principle, 

(ml txlE1 

XII could exist as either a cis or trans isomer and there is no experimental evi- 
dence at hand which distinguishes between the two. However, the trans con- 
figuration is preferred, since in it steric repulsion between the two N-phenyl 
rings is minimized. 

Experimental 

The organic compounds used in this work were available commercially. Palla- 
dium bis(hexafluoroacetylacetonate) was prepared from Na,PdC14 and sodium 
hexafIuoroacetylacetonate in water and purified by vacuum sublimation. ‘H 
and 19F NMR spectra were obtained at 100 and 94-l MHz respectively and 
were referenced to internal (CH,),Si or CFCl,. Infrared spectra were obtained 
on Nujol mulls (unless otherwise noted) using a spectrometer with grating 
optics: estimated precision of peak maxima is +5 cm- l. Mass spectra were ob- 
tained in the electron impact mode using 70 eV electrons. Electronic spectra 
were recorded on a Gary 14 spectrometer. Analytical and spectroscopic data 

_ for the new compounds reported in this paper are given in Tables 1-4. 

Metallution of 4,4’-dimethoxythiobenzophenone 
Palladium hexafluoroacetylacetonate (0.52 g, 1 mmol) and the thioketone 

- (1 mmol, 0.25 g) were dissolved in 25 ml benzene. After refluxing overnight, 
: the orange reaction mixture was filtered to remove some tar and taken to dry- 
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ness. Recrystallization from dichloromethane-hexane gave a gummy solid 
which was twice recrystallized from hot hexane to give 0.30 gm (52%) of the 
metallated thioketone IV as fibrous, bright orange needles_ 

Metallation of Z-phenylpyridine 
2Phenylpyridine (1 mmol, 0.16 g) and 0.52 g (1 mmol) Pd(F,acac), in 10 

ml benzene were refluxed and stirred overnight. The solvent was stripped and 
the residue recrystallized from toluene-heptane to afford 0.37 g (80%) of VI as 
yellow needles. 

Cyclopalladation of azobenzene 
A. In tokene. Azobenzene (O-72 g, 4 mmol), Pd(F,acac), (2.08 g, 4 mmol) 

and 35 ml toluene were refluxed and stirred overnight. Filtration of the reac- 
tion mixture yielded 0.65 g of VIII as tiny, dark purple needles. The filtrate 
was rapidly passed through a 4” X 0.5” Florisil column to remove traces of 
palladium metal and other impurities; the column was then washed with fresh 
solvent to elute product which remained on the column. The combined toluene 
solutions were taken to dryness on a rotary evaporator. Recrystallization of the 
material remaining gave 0.40 g of yellow needles of VII. 

B. Butyronitri!e solvent_ A mixture of 4 mmol of each reactant and 50 ml 
butyronitrile was stirred and refluxed overnight. Filtration afforded 0.16 g of 
VIII. Butyronitrile was removed from the filtrate under reduced pressure_ The 
residue was quickly chromatographed on Florisil as described above. After 
recrystallization from hexane, the yield of VII was 1.40 g. 

o&ho-Metallation of acetophenone oxime 
One mm01 each of acetophenone oxime and Pd(F,acac), in 20 ml benzene 

was refluxed for 16 hours. The reaction mixture was reduced to a small volume 
with a nitrogen jet to obtain the crude product. An additional recrystallization 
from benzene gave 0.31 g (69%) of yellow crystaliine XI. 

Reaction of Palladium bis(hexafluoroacetylacetonate) with thiobenzanilide 
A mixture of 0.52 g (1 mmol) Pd(F,acac),, 0.36 g (2 mmol) thiobenzanilide 

and 20 ml toluene was refluxed for five minutes. The reaction mixture was 
cooled and the toluene removed under reduced pressure. The residue was 
extracted with 30 ml hot hexane. The extract was evaporated to a small volume 
and chilled to provide 0.04 g of XIII as red nodules. Recrystallization of the 
hexane-insoluble material from benzene-cyclohexane gave 0.10 g of XII as 
brown needles. 
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